Food structure contributes to the induction of satiation and the maintenance of satiety following intake of a meal. There is evidence from human studies that protein-crosslinking of a milkprotein based meal may enhance satiety, but the mechanism underpinning this effect is unknown. We investigated whether a rat model would respond in a similar manner and might provide mechanistic insight into enhanced satiety by structural modification of a food source.
Introduction
Both human and rat studies show that satiation and satiety are a complex integration of the characteristics of food, including form, volume, caloric and macronutrient content (Gerstein 2004 , Westerterp-Plantenga et al. 2004 , Marmonier & Sylvestre 2000 , Phillips & Powley 1996 , Rolls et al. 1998 . Evidence from human studies shows that caloric intake and subsequent satiety properties of a meal are directly influenced by the structural and textural characteristics of the food presented which can have effects on hormonal profiles, metabolic responses and appetite ratings (Martens et al. 2011 , Mattes 2008 , Mattes & Rothacker 2001 , Moukarzel & Sabri 1996 Wilkinson et al. 2001 ).
There are various ways that food structure and texture can be altered for different requirements. Although the percentage content and amino acid composition of protein in a diet can be varied, dietary protein also provides an opportunity to manipulate the physical characteristics of food, for example following enzymatic crosslinking (Buchert et al. 2010 ).
Several enzymes have been employed for protein crosslinking, including the naturally occurring enzyme transglutaminase (TG) (Simpson et al. 2012 , Kuraishi et al. 2001 . TG can alter the structure and texture of food high in protein by increasing viscosity and causing gelation (Buchert et al. 2010 , Kuraishi et al. 2001 . Although the functional characteristics of most foods that are high in protein can be altered by TG, casein is optimal for protein crosslinking due to its open structure (Bönisch et al. 2004 , Lorenzen et al. 1998 . TG is used in various forms in the food industry to alter the characteristics of food, for example in the processing of meat and fish products (Kuraishi et al. 2001 , Motoki et al. 1998 , Yokoyama et al. 2004 , in baking (Autio et al. 2005) , and in dairy produce (Jaros et al. 2006 ).
Recently emerging evidence has shown that crosslinking dietary protein to modify texture and structure without detriment to nutritional quality may have beneficial effects on human metabolic profile and appetite ratings (Juvonen et al. 2011 (Juvonen et al. , 2012 . However, the mechanism underpinning this response is unknown, although there is some evidence to suggest that crosslinking proteins with TG increases the resistance of proteins to enzymatic breakdown (Lorenzen et al. 1998 , Flanagan et al. 2003 , Monogioudi et al. 2011 ) which could delay digestion and increases transit time. Other evidence suggests that TG crosslinked diet has an effect on the upper gastrointestinal (GI) tract, modulating the digestive process through physical means such as gelation and aggregation in the stomach (Kong et al. 2008 , Juvonen 2009 , Kristensen & Jensen 2011 , which can then trigger a cascade of hormonal responses.
Currently there is no information on the effect that crosslinking has on the appetite regulatory regions of the brain. One key area is the arcuate nucleus (ARC) in the hypothalamus of the forebrain which harbours two important populations of neurons pertinent to the homeostatic AIN-93M diet was also purchased in powdered form for use in the preparation of modified diets. The 'solid' diet consisted of 78% powdered AIN-93M, 18% H2O, 2% additional casein, 0.8% emulsifier, and 1% inactivated transglutaminase (TG, Activa MP, Ajinomoto foods) and was moulded into a pellet with a caloric value of 2.98 kcal/g. 'Liquid' and 'crosslinked' diets were composed of (per 100g before solubilisation) 55.1% powdered AIN-93M, 43.1% casein, 0.8% emulsifier (Grinsted® SSL P 55 VEG, Danisco Nutrition & Health,UK) and 1% inactivated or active TG. The mixture (minus TG) was dissolved in water, then for gelation, the TG enzyme was added to the solubilized constituents and the mixture was allowed to crosslink at 4C for 16h. For the liquid diet, heat inactivated TG was added to maintain proportional content of constituents and protein. The caloric value of the diet was 1kcal/ml. After an overnight incubation with TG at 4 °C, the diet solidifies with little or no change in volume resulting in a semi-rigid gel. Evidence of crosslinking by active TG and the absence of crosslinking with inactivated TG in the liquid diet were assessed by testing the viscosity at 20°C with a stress controlled rotational rheometer (AR-G2, TA instruments, UK). The steady state viscosity was measured in duplicate with an increasing stress range, which resulted in Shear rates from 0.01 to 30 s -1 ( Figure 1A ). The test product crosslinked with the active TG showed a higher viscosity than the liquid with the inactivated TG and could therefore be considered to be solidified to a semi-rigid gel.
Study 1: Response to schedule fed experimental diets
The protocol is outlined in Figure 1B (study 1). The scheduled feeding program involved limiting access to food to two periods of food availability, both during the dark phase, such that the consumption of food is well co-ordinated between all rats once access is restored. In Study 1, groups received one of the 3 individual diets (solid, liquid or crosslinked). Each rat received 100% of ad-libitum intake. This was calculated for each individual rat from their daily intake over 12 days of feeding stock AIN-93M pellet, which showed little variation over the 12 day period for each group (between day 1 and 12 -100±1.2%). All food for one day was presented from the start of scheduled feeding at two intervals -ZT13-15 for the first meal with food left over from this meal being made available at ZT20-22 for a second scheduled meal. This paradigm of scheduled feeding facilitated immediate intake on presentation of food whilst maintaining sufficient food intake to prevent weight loss after adaptation to scheduled feeding.
Echo MRI scanning for body composition was performed on days 12 and 18. On the final day of the study, the rats were killed either at time 0 minutes (n=7), or had free access to the daily ration of 100% of ad libitum energy intake of the specified diet for 90 minutes and before being killed (n=7). Rats were anaesthetised with isoflurane, followed by decapitation. Trunk blood (approximately 10ml) was collected into 15ml polypropylene tubes containing heparin and 8mM DPP-IV inhibitor (KR-62436 Hydrate, Sigma) and stored on ice until processing for plasma. Brains were removed and frozen on dry ice. Blood was centrifuged at 1000g for 15 minutes at 4°C and the plasma was removed to microfuge tubes and stored as aliquots at -80°C.
Study 2: Effect of diet on early and late phase satiety ( Figure 1B) The test for early phase satiety is based on the hypothesis that if rats are less satiated, the capacity to eat a diet presented will be greater in the period immediately after the test meal has been consumed. Similarly the test for late phase satiety is based on the capacity of the rats to eat a diet presented at the next scheduled meal with a greater degree of satiety resulting in less food consumed at the next scheduled meal. The protocol is outlined in Figure 1b (study 2). To assess the effect of the experimental diets on satiety, a scheduled feeding protocol was established as in study 1 with n=7 rats receiving solid, liquid or protein crosslinked diet. On the eighth day after the implementation of scheduled feeding, the effect of diet on early phase satiety was assessed. For this test, rats received their scheduled meal at ZT13 for 2h. After removal of uneaten food, rats were allowed free access to stock AIN-93M pellets for 1h (ZT15-16). Consumed food was measured by weigh back of uneaten food. At ZT20, rats were offered their uneaten experimental diet for 2h as before. On completion of the early phase satiety test, the following 2 days reverted to the 2 meal scheduled feeding protocol (ZT 13-15 and ZT20-22) with intake permitted to be no more than calculated daily caloric intake of each individual rat. On eleventh day after the implementation of scheduled feeding, the effect of diet on late phase satiety was assessed. For this test rats received their scheduled access to experimental diet at ZT13 for 2h. At the next scheduled meal at ZT20 rats were given free access to stock AIN-93M pellets for 1h with caloric consumption determined by weigh back of uneaten food. This was followed for a further 1 hour at ZT21 by the remainder of their experiment diet not eaten during the first scheduled feed.
Study 3: The effect of unrestricted ad libitum access to either solid, liquid or crosslinked experimental diets ( Figure 1B) The protocol is outlined in Figure 1B (study 3). After 7 days acclimatization, rats were fed AIN-93M for 12 days to determine average daily caloric intake. On day 12, body composition was determined by Echo MRI. The rats were then fed with continuous ad libitum access to experimental solid, liquid or crosslinked modified AIN-93M diets (prepared as above) for a further 7 days (n=7 per group). During this time, food intake was determined twice per day for the period between ZT0 and ZT12 (light phase intake) and between ZT12 and ZT24 (dark phase intake). On the final day of the study, body composition was determined by Echo MRI.
Circulating hormones and metabolic parameters
The plasma analysis of glucose, non-esterified fatty acids (NEFAs) and triglycerides was performed using calorimetric assays, in the Konelab 30 instrument (Thermo Fisher Scientific, Basingstoke, UK). GLP-1 and leptin were measured by the Core Biochemical Assay Laboratory, Cambridge using the Meso Scale Discovery Total GLP-1 Kit (K150JVC-1, Gaithersburg, MD, USA) for the measurement of amidated GLP-1 (7-36), and a previously published leptin assay (Franks et al. 2005) . Plasma insulin levels were determined using a Millipore rat insulin RIA (RI-3K, Darmstadt, Germany) according to manufacturer's instructions.
Brain gene expression
Brain tissue was cut on a cryostat at a thickness of 20µm, with sections collected on poly DLysine coated slides. Gene expression in the appetite regulatory areas of the brain was investigated using established in situ hybridization methods and
35
S labelled anti-sense riboprobes as described previously (Mercer et al. 1996) . Sections containing the arcuate nucleus (ARC) were probed for Npy, Pomc, Agrp and Cart mRNA expression. Following hybridization, the slides were apposed to autoradiographic film for up to 7 days as appropriate.
Quantification was achieved by image analysis using Image Proplus v7.0 software with reference to a 14 C microscale exposed to film at the same time as the brain sections.
Statistical analysis
Statistical analysis was performed using SIGMAPLOT 11.0 software (Systat software Chicago, IL, USA) to reveal effects of both time relative to meal and dietary formulation. Food intake and body weight were analysed by One-Way or Two-Way ANOVA as indicated in the text followed by post-hoc Holm-Sidak test. For data in Figure 2D , data were log transformed as they did not pass normality and equal variance. Equal variance testing also failed after log transformation and therefore significance/non-significance between groups was confirmed by a t-test allowing for unequal variance. Body composition comparisons were performed using a paired t-test. Circulating hormones, metabolic parameters and brain neuropeptide gene expression were analysed using Two-Way ANOVA and post-hoc Holm-Sidak test. Results are expressed as mean ± SEM. In all analysis, P< 0.05 is considered statistically significant.
Results
Effect of changing food structure by protein crosslinking on food intake and body mass.
Upon introduction of scheduled feeding, food intake adaptation to scheduled meals was evident by a stable intake at both ZT13-15 and ZT20-22 from day 3 onwards (Figure 2A-C) .
At the end of the 6 th day of the scheduled feeding, caloric intake, averaged between day 3-6, at ZT13-15 was significantly different between groups and there was an interaction between time and diet (Two-Way ANOVA P<0.001). Rats fed the liquid diet consumed more calories than rats fed the solid (P<0.018) or the crosslinked diet (P<0.001), and rats fed the solid diet consumed more calories than rats fed the crosslinked diet (P<0.001). Similarly, caloric intake at ZT20-22 was significantly different between groups with rats fed the solid diet consuming more calories than rats fed either the liquid (P<0.001) or crosslinked diets (P<0.001), and rats fed the liquid diet consumed more than rats fed the crosslinked diet (P<0.001). Within diet there was a greater caloric intake of solid diet at ZT20-22 compared to ZT13-15 (63% and 37% respectively; P<0.001), but there was no significant difference between food intake at ZT13-15 and ZT20-22 for either the liquid or crosslinked diets; with both diets, approximately 50% of daily intake was consumed at each scheduled meal. After 6 days on the scheduled feeding programme, the average caloric intake, calculated between days 3 to 6 was solid diet -95.2±2.1 kcal; liquid diet -77.2±0.6 kcal; crosslinked -59.9±0.4 kcal (One-Way ANOVA;
P<0.001). The rats that had been fed the solid diet consumed significantly more calories over 2 meals than those consuming either the liquid (P<0.001) or crosslinked diets (P<0.001, Figure   3A ), but this level was not significantly different to the daily ad-libitum caloric intake of stock diet, measured over a 12-day period prior to the start of scheduled feeding (97.1±2.6 kcal).
The rats receiving the liquid diet consumed more calories than the crosslinked group (P<0.001, Figure 3A ) and for both groups this was significantly less than the daily ad-libitum caloric intake of stock diet (P<0.01)
Daily bodyweight measurements were taken prior to and during the scheduled feeding period.
On the day prior to implementation of scheduled feeding, there were no differences in body weight between the three groups ( Figure 3B ). During the scheduled feeding period the body weights of rats in all three groups showed an initial decrease during the period of adaptation, but when adapted to scheduled meals, both solid and liquid diet fed rats increased body weight. Average daily weight gain over the last 4 days of scheduled feeding, when adaptation to scheduled meals was evident, was not different to the last 4 days before scheduled feeding in rats receiving a solid diet (6.7±0.11g/day vs 7.36±0.48g/day respectively, P=0.23). In rats receiving the liquid diet, although growth was evident, weight gain was lower during scheduled feeding than ad-libitum feeding (3.62±0.26g/day vs 7.46±0.31g/day respectively, P<0.001).
However, body weight of rats receiving the crosslinked diet did not increase after the introduction of scheduled feeding (ad-libitum fed 6.98±0.3g/day, scheduled fed -0.31±0.65g/day). At the end of the scheduled feeding period, rats consuming the liquid diet had significantly lower body weight than rats that had been fed the solid diet (liquid: 379.4 ± 6.0 g vs. solid: 404.8 ± 3.6g, P<0.001, Figure 3B ). Rats consuming the crosslinked diet had significantly lower body weight than rats that had been fed either the solid diet or the liquid diet (crosslinked: 363.2 ± 3.8g vs. solid: 404.8 ± 6.0g, P<0.001; vs. liquid: 379.4 ± 6.0g, P<0.001, Figure 3B ).
At the end of the scheduled feeding period, analysis of body composition revealed changes in fat ( Figure 3C ) and lean mass ( Figure 3D ), compared to prior to scheduled feeding. There was a significant decrease in fat mass in rats fed the liquid diet (pre: 39.1 ± 1.9g vs. post: 22.6 ± 1.2g, P<0.001) or crosslinked diet (pre: 44.8 ± 2.75g vs. post: 24.0 ± 2.0g, P<0.001), but no difference in the rats fed a solid diet ( Figure 3C ). There was also a significant decrease in lean mass in rats consuming the crosslinked diet (pre: 316.7 ± 4.4g vs. post: 274.9 ± 2.3g, P=0.043, Figure 3D ), but no change in lean mass in rats fed either the solid or liquid diets (solid: pre:
313.9 ± 5.8g vs. post: 313.5 ± 5.1g, P=0.86; liquid: pre: 308.7 ± 4.4g vs. post: 307.3 ± 4.4g, P=0.72, Figure 3D ). Visual inspection of the stomach 90min after food presentation showed that rats fed the crosslinked and liquid diets had enlarged stomachs (supplementary Figure   1 ).
Protein crosslinking has an effect on circulating hormones and metabolic parameters.
GLP-1, insulin and leptin response after an ad libitum caloric intake.
The circulating level of the hormones GLP-1, insulin and leptin were analysed from terminal blood samples at 0 and 90 minutes post-food ingestion. Two-Way ANOVA revealed that there was a significant effect of time (P<0.001) and form (P=0.032), with interaction between time and form (P=0.025) on GLP-1 levels ( Figure 4A ). A post-hoc Holm-Sidak test revealed GLP-1 levels were significantly raised from 0 to 90 minutes in rats that received solid (P<0.001) or crosslinked diet (P=0.004), but not in rats consuming the liquid diet (P=0.091).
Two-Way ANOVA revealed that there was no effect of time (P=0.96) on plasma leptin levels, but there was an effect of diet form (P<0.001; Figure 4B ). Circulating leptin levels were higher at baseline in rats fed the solid diet, compared to the liquid and crosslinked diets (both P<0.001). This difference was still present at 90 minutes (both P<0.001). The group consuming the crosslinked diet had higher leptin levels compared to the liquid diet group at both time points (0 min; P=0.035, 90 min; P=0.029).
Form and time significantly affected plasma insulin levels (P<0.001 for both; Figure 4C ) and there was a significant interaction between these two factors (P<0.001). There was a significant increase in circulating insulin on the solid diet at 90 minutes compared to the 0 minute controls (P<0.001), but this effect was not observed for the other two forms of diet.
Additionally, fasting insulin levels were lower in the liquid diet fed animals than in the rats receiving the solid diet (P<0.001). At 90 minutes, solid diet fed animals had higher plasma insulin in response to feeding compared to liquid (P<0.001) and crosslinked (P<0.001) diets.
Rats fed a crosslinked diet exhibited a small but significant increase in insulin levels at 90 minutes in comparison to the liquid diet group (P<0.05).
Glucose, NEFA and triglyceride profile after an ad libitum caloric intake
The circulating levels of glucose, non-esterified fatty acids (NEFAs) and triglycerides were analysed from terminal blood samples at baseline (0 min) or 90 minutes post-food ingestion ( Figure 5 ).
Two-Way ANOVA revealed that there was a significant effect of time (P=0.003) and form (P=0.048) on glucose levels ( Figure 5A ), and a significant interaction between the two (P<0.001). Baseline levels of glucose in the liquid group were lower than in the solid (P=0.029) or crosslinked groups (P=0.003). There was no change in circulating glucose concentrations 90 minutes after food presentation in the solid (P=0.19) or crosslinked groups (P=0.15).
However, there was a significant effect of time for rats receiving the liquid form of the diet, with glucose levels rising after 90 minutes (P<0.001).
Two-Way ANOVA revealed that there was a significant effect of time (P<0.001) and form (P<0.001) on NEFA levels ( Figure 5B ) and an interaction between time and form (P<0.001).
There was no difference in baseline levels of NEFAs between the 3 groups. NEFA levels significantly decreased 90 minutes post food ingestion in the solid (P=0.048) and crosslinked groups (P=0.041). There was no change in NEFA levels in the liquid group at the 90 minute time point, with NEFA levels being higher in the liquid group than in either the solid or crosslinked groups (both P<0.001).
Two-Way ANOVA revealed a significant effect of time (P<0.001) and form (P<0.001) on circulating triglyceride levels ( Figure 5C ), and an interaction between time and form (P<0.001).
There was no difference in baseline levels of triglycerides between the three groups.
Triglyceride levels increased over the 90 minutes post-food ingestion in all three diet groups (all groups P<0.001). At both time points, triglyceride levels were lower in the liquid group compared to rats fed the solid or crosslinked diets (all P<0.001).
Agrp, Npy, Cart and Pomc hypothalamic neuropeptide expression
Expression of appetite regulatory neuropeptide mRNA (Npy, Agrp, Cart and Pomc) in the ARC of the hypothalamus ( Figure 6 ) was compared between the three diet forms at the two time points (0 or 90 min) by Two-Way ANOVA and post-hoc Holm-Sidak testing.
Analysis of the expression of Npy and Agrp in the ARC revealed a significant effect of form (Npy: P=0.03; Agrp: P=0.02), with rats that were fed a liquid diet having elevated expression compared to those that were fed solid or crosslinked diets. However, there was no effect of The effect of diet on subsequent satiety.
The impact of diet on early-and late-phase satiety was assessed in a separate cohort of rats (study 2) receiving the same three diets on the feeding schedule already described ( Figure 7 ).
Prior to test 1 (early-phase satiety), average daily caloric intake over a 5-day period when food intake was adapted to scheduled meals, was higher in the solid diet fed rats (86.25±2.04kcal) compared to both the liquid (78.17±1.01kcal, P<0.001) and crosslinked diet fed rats (59.33±0.63kcal, P<0.001), and greater in the liquid group compared to the crosslinked group (P<0.001, Figure 7A ). However, on the day of the test, at the first scheduled meal, there was no difference in caloric intake between the groups on the three diets (ZT13-15; solid: 39.0 ± 2.0 kcal; vs. liquid: 39.1 ± 0.9 kcal P=0.95; vs. crosslinked: 34.6 ± 1.7 kcal, P=0.75; liquid: 39.1 ± 0.9 kcal; vs. crosslinked: 34.6 ± 1.7 kcal, P=0.73, Figure 7B ). However, during the test meal (stock AIN-93M pellet), the rats that had previously consumed the solid diet ate significantly less during the 1 hour access immediately after the scheduled feed when compared to the groups previously fed the liquid or crosslinked diets (ZT15-16; solid: 3.9 ± 1.0 kcal; vs. liquid:
17.4 ± 2.2 kcal, P<0.001; crosslinked: 18.5 ± 2.2 kcal, P <0.001, Figure 7B ). There was no difference in test meal intake between rats fed the liquid and crosslinked diet. However, at ZT20-22, with access to the remainder of their respective diets, the solid group consumed significantly more calories than the liquid and crosslinked groups (ZT20-22; solid: 45.7 ± 2.2 kcal; vs. liquid: 35.0 ± 2.3 kcal, P<0.001; crosslinked: 33.6 ± 1.3 kcal, P<0.001), but there was no difference in caloric intake between liquid and crosslinked fed groups ( Figure 7B ). Total caloric intake (scheduled plus test caloric intake) was similar in all three groups to the daily average on an ad-libitum intake ( Figure 7C ).
On test day 2 (late-phase satiety test), at the first scheduled meal (ZT13-15), caloric intake in rats that were fed a solid diet (43.3 ± 2.5 kcal) was higher than that of rats fed a liquid diet (liquid: 35.4 ± 1.6 kcal, P<0.05, Figure 7D ). The rats that received the crosslinked diet ingested fewer calories (32.3± 0.8 kcal) than the group receiving the solid diet (P<0.01), but their intake was not significantly different to that of the liquid group (P=0.23, Figure 7D ). At the test meal (stock AIN-93M pellet between ZT20-21), rats that had previously consumed the solid diet ate significantly less (55.3 ± 3.6 kcal) of the test meal than the liquid group (74.0 ± 4.3 kcal, P= 0.036) and trended toward a lower intake when compared to the crosslinked group (70.3± 6.1 kcal, P= 0.079). At ZT21-22 during the final hour of a scheduled feed, rats were given access to the leftover portion of their schedule fed diet. The solid group consumed significantly fewer calories (4.8 ± 0.6 kcal) than the liquid group (9.1 ± 1.2 kcal, P= 0.024), and trended toward a lower intake compared to the crosslinked group (8.6 ± 1.3 kcal, P= 0.076, Figure 7D ). Total caloric intake (scheduled plus test caloric intake) was similar between all three groups and approximately 20% greater than the average daily caloric intake on an ad libitum diet ( Figure   76E ).
Food intake, body weight and body composition on 24 hour ad libitum access to solid, liquid or protein crosslinked diets.
Rats had continuous ad-libitum access to the solid, liquid or crosslinked diets for 7 days. On the day prior to the introduction of ad libitum access to one of the three experimental diets there were no differences in body mass between the three groups (solid: 359.7 ± 8.2 g vs.
liquid: 365.3 ± 5.1g vs. crosslinked 369.5 ± 4.7g; all comparisons P>0.05, Figure 8A ). On the final day, after 7 days on experimental diets, the rats consuming the liquid diet had significantly lower body weight than rats fed the solid or crosslinked diets (One-Way ANOVA Day 21; liquid:
380.6 ± 3.8 g vs. solid: 411.0 ± 7.4 g, P<0.001; crosslinked: 407.3± 4.4 g, P=<0.001, Figure   8A ). Body composition by Echo MRI at the end of the study week found an increase in fat mass in rats fed the solid diet (solid; pre: 34.2 ± 1.5g vs. post: 40.1 ± 1.5g, P=0.007), a decrease in rats fed the liquid diet (liquid pre: 31.7 ± 1.5g vs. post: 26.6 ± 1.4g, P=0.0012), but no change in fat mass in rats fed the crosslinked diet (crosslinked; pre: 31.9 ± 2.1g vs. post:
34.1 ± 1.5g, P=0.094; Figure 8B . There was no change in lean mass within or between groups ( Figure 8B ).
Food intake was determined over each 24h period of the 7 day duration of experimental diet feeding and recorded as dark phase (between ZT12 and ZT0) and light phase (between ZT0
and ZT12) intake. On average over a 24 hour period, the caloric intake of rats on the liquid diet was higher than rats on the solid or crosslinked diets (24 hour intake; liquid: 112.5 ± 1.1 kcal; vs. solid: 92.5 ± 1.0 kcal, P<0.001; vs crosslinked: 101.8 ± 1.9 kcal, P= 0.022). The rats consuming the crosslinked diet also had a higher caloric intake than the solid group (24 hour intake; P=0.002, Figure 9A ). During the dark phase, the solid group consumed more calories than the liquid or crosslinked groups (dark phase solid: 83.0 ± 1.3 kcal; vs. liquid: 61.0 ± 0.6 kcal, P<0.001; vs. crosslinked: 55.4 ± 1.6 kcal P<0.001). The crosslinked group consumed less than the liquid group (dark phase; P= 0.005, Figure9B). In the light phase, rats fed the solid diet consumed fewer calories than the rats receiving the liquid or crosslinked diets (light phase; solid: 9.5 ± 0.6 kcal; vs. liquid: 51.5 ± 1.0 kcal, P<0.001; crosslinked: 45.8 ± 1.5 kcal P<0.001, Figure 9C ), and as in the dark phase, intake of rats fed the crosslinked diet was less than rats fed the liquid diet (P=0.002).
Discussion
Human studies have provided evidence that the physical form or structure of food presentation produces differential effects on both subjective and behavioural measures of satiation and satiety (Moukarzel & Sabri 1996 , DiMeglio & Mattes 2000 , Bertenshaw 2008 , Martens et al. 2012 , Martens et al. 2011 . These studies indicate that food presented in a solid form suppresses hunger more effectively than food in a liquid form. Such studies are often acute interventions where a test meal is fed followed by an assessment of hunger ratings or subsequent intake of food. Similar comparisons in animal models are difficult to perform because experimental animals may not voluntarily consume unfamiliar diets to the required quantity or in a timely fashion, due to intrinsic neophobia. The current study was designed to overcome variability in the consumption of an experimental diet by using a scheduled feeding protocol, which limits access to food to two, 2h periods of availability, and caloric content per day to a level that was individually assessed for each animal to 100% of ad-libitum daily intake.
This feeding schedule corresponds to the principal periods during the light-dark cycle when the Sprague-Dawley rat normally consumes food (Bake et al 2014) . Observation showed that this protocol ensured that the rats were sufficiently hungry when presented with food that consumption started soon thereafter. At the first presentation each day (at the beginning of the dark phase), the total food for the day is presented allowing the rat to eat to satiety, with the remaining food presented in the latter half of the dark phase.
A limitation of structural changes to diet form in an experimental context, is that in most cases a change in structure is accompanied by a change in caloric density. We were able to resolve this challenge by solubilizing a defined diet with a high enough protein content such that when the protein was crosslinked by transglutaminase the structure of the diet changed from a liquid to a soft solid state. Using this approach we were, uniquely, able to compare diets of exactly the same caloric density in solid and liquid forms. To make the diet a solid from a liquid form by protein crosslinking, the minimum protein content required was 13% by weight, which increased the percentage protein by energy of the liquid and crosslinked diets to 52%. The third diet used for reference had a more rigid structure (solid diet), but with a similar percentage protein by weight (approximately 14% by energy).
Using our scheduled feeding protocol, rats that were fed the solid form of the diet usually consumed all the available food by the end of the second meal. This equated to an average of 98% of caloric intake of ad-libitum of stock diet, resulting in a near normal growth rate. In contrast, rats receiving the liquid or crosslinked diets did not consume all the food presented over the course of the two meals, leaving on average 25% and 35% of available calories, respectively. Within scheduled meals there was an effect of time of day on food intake. The intake of the crosslinked diet was significantly less compared to the solid and liquid diets at both scheduled meals. However, intake of the solid meal at ZT20-22 was 70% higher compared to ZT13-15. This is consistent with a spike of food intake prior to the start of the light phase (Bake et al 2014) . However, intake of the liquid or crosslinked diet was similar at both time points, comprising approximately 50% of intake at each meal. Thus the effect of diet was more evident at the latter half of the dark phase.
At 52% protein by energy the reconstituted liquid and crosslinked diets could be considered high protein diets, and thus to be potentially appetite suppressive (Batterham et al 2006 , Stengel 2013 ). However, we show that rats fed either of these two diets were able to consume more food in the first hour after the first scheduled feed than rats fed the solid diet (study 2, early phase satiety trial), implying that satiety may be short lived and that the percentage energy from protein may not have contributed to the initial reduced intakes. With a caloric density 3-fold lower than that of the solid diet, one possible explanation for this reduction in intake is that rats may have achieved early stage satiety due to the volume of the liquid or crosslinked diet consumed. Observation of the stomach found that it was distended at 90min after intake of a liquid or crosslinked diet indicative of the accumulation of the diet (supplementary Figure 1) . This would be consistent with evidence from experiments varying gastric volume by drainage or use of pyloric cuffs that shows the rate of gastric emptying affects subsequent food intake Smith 1990, Davis et al 1998) .
Over 7 days, following initial body weight loss upon the introduction of scheduled feeding, differences in caloric intake were translated into changes in body weight, with the solid and liquid diet fed rats sustaining a body weight increase, albeit at a lower rate for rats fed liquid diet. For rats on the solid diet there was no change in body fat and lean mass indicating that the available caloric intake was sufficient to maintain growth. In rats fed the liquid diet, lean mass was unchanged but fat mass was lower than the pre-diet fat mass. This could reflect insufficient caloric consumption over the scheduled feeding periods to maintain fat mass, but another possible contributory factor is processing of a liquid diet, with the calories and nutrients consumed assimilated differently in comparison to the processing of a solid diet. Rats fed the crosslinked diet, consuming fewer calories than the other groups, maintained a stable body weight after an initial drop experienced by all rats when the scheduled feeding paradigm was
introduced. This was manifest in a lower lean tissue mass in addition to a lower fat mass, but indicates after this initial drop, intake was sufficient to maintain the acquired body mass.
Evidence from studies of humans reveals that changing the form of food presentation can In Study 1, both the solid and crosslinked diets caused a postprandial increase in GLP-1 at 90 minutes, with the liquid diet showing no change in level between the two time points. This is in contrast to a human study where a liquid diet tended to raise GLP-1 levels and a crosslinked diet did not (Juvonen et al 2011), However, it should be noted that the human study was an acute response to a single meal, whereas in the current study the response was measured on the seventh day of diet manipulation during which period more chronic physiological adaptations may have taken place.
Lower circulating leptin levels in liquid and crosslinked diet rats compared to the rats fed the solid diet are likely to reflect a reduction in fat mass on these diets. However, there was a slightly higher basal (t=0) value in rats fed the crosslinked diet compared to the liquid fed group. Within diets, there was no effect of diet form on postprandial circulating leptin concentrations at 90 minutes after the start of feeding. In Study 1, it was ascertained that changing the form of the diet has an effect on circulating levels of glucose, triglycerides and NEFAs. All three diets resulted in a rise in triglyceride levels, indicating that food had passaged beyond the stomach and that absorption of fat had occurred. However, the rats fed the liquid diet had an overall lower level, which could be indicative of the fat from the diet not being efficiently absorbed.
The effects of the different diet forms on circulating insulin levels appear to be complex and may indicate that there are additional effects of the diets. The significantly lower fasting insulin levels seen in the liquid diet fed rats, compared to those fed a solid diet, could be a direct link to lower fat mass and/or could be attributed to a positive change in insulin sensitivity (Askari et al. 2010 , Zheng et al. 2016 . However, a similar reduction in fat mass was also observed for the crosslinked diet but basal insulin was not found to be significantly different with respect to the solid diet. This reduction in fasting insulin in liquid fed rats may also be influenced by lower triglyceride levels which have been shown to positively correlate with circulating insulin levels (Godsland et al. 1992 ).
In accord with previous studies (Dimitriadis et al. 2011) , an elevated plasma insulin concentration can be expected in rats at 90 minutes after feeding a solid diet, despite no evidence of elevated plasma glucose, i.e. after basal glycaemia has been restored. This appears to be corroborated by the reduction in circulating levels of NEFAs at 90 minutes which may be a result of insulin-dependent inhibition of lipolysis (Carpentier et al. 2005) . Scheduled feeding on the liquid diet appears to have stimulated neither GLP-1 nor insulin secretion, but this may be due to poor nutrient absorption (in comparison to the solid diet), resulting in these hormones returning to basal levels within 90 minutes. This may explain the raised NEFA levels which would be expected to eventually increase after the animals have re-entered a fasting state (Dimitriadis et al. 2011) . Nevertheless plasma glucose concentrations are raised, without a concurrent increase in circulating insulin suggesting a possible dysregulation of the glucose homeostatic machinery (given the levels of glycaemia already observed in these rats).
However, crosslinking the diet appears to have a beneficial effect to enable a solid diet-like state with respect to GLP-1 and metabolite concentrations.
Evidence suggests that dietary protein may increase hindbrain and hypothalamic neuronal activation (Darcel et al. 2005 , Schwarz et al. 2010 , Phifer et al. 1998 , Faipoux et al. 2007 , Journel et al. 2012 . There is, however, little information on how different diet forms impact on the appetite regulatory regions of the hypothalamus. Using anti-sense probes for the appetite regulatory peptides Agrp, Npy, Cart and Pomc mRNA, we observed a higher expression of Agrp and Npy in rats schedule fed the liquid diet which is not explained by these rats eating fewest calories since caloric intake was the same or greater than in the crosslinked group.
Furthermore, elevated gene expression was evident at an intermediate body weight in the liquid diet cohort (vs rats fed the solid or crosslinked diets). Levels of Agrp and Npy mRNA expression were not acutely affected by food intake, being elevated both before and 90 minutes after feeding. The findings suggest that the rats on the liquid diet have registered a caloric deficit over the course of the scheduled feeding period and are in negative energy balance, as raised levels of these neuropeptides are often seen in fasting or food restricted states (Hahn et al., 1998; Hambly et al., 2007) . Significantly, this effect was suppressed in rats fed the crosslinked diet, despite their lower body weight and energy intake. As Agrp and Npy expression are known to be inhibited by GLP-1, it may be possible that sustained lower GLP-1 secretion in response to liquid caloric intake (Seo et al. 2008) , may have contributed to this increase in expression of these neuropeptides. A high protein diet in mice has been shown to suppress Npy and Agrp expression in the hypothalamus (Batterham et al., 2006) . The differential expression of Agrp and Npy between the crosslinked and liquid study and no suppression relative to the solid diet would not implicate the high protein content by energy of these two diets as contributing to a reduction in food intake in the schedule feeding paradigm.
The effect of diet on early-and late-phase satiety (study 2) was assessed in a separate study.
We found that rats fed either the liquid or crosslinked diets consumed a similar number of calories from the stock diet during 60 minutes following either the first scheduled meal or at the start of the second scheduled meal and more calories compared to rats that consumed the solid diet. This finding is in line with rat and human studies previously undertaken which report excess consumption of calories after a liquid meal (Ramirez 1987 , DiMeglio & Mattes 2000 , Davidson & Swithers 2005 . Therefore although satiation with a liquid or crosslinked diet reduces overall intake, the effect is short-lived making little difference to early-or late-phase satiety.
An elevated hypothalamic level of Agrp and Npy may contribute to the higher level of intake in the case of rats fed a liquid diet, but this does not explain a higher intake in rats that were fed the crosslinked diet. However, with both the liquid and crosslinked diet, the textural property of the pelleted stock diet may be perceived to be more palatable (or novel) than the experimental diet. This could lead to stimulation of food reward pathways that promote food intake (Menzies et al. 2012 , Zhang et al, 1998 , Kelley et al. 2003 .
When rats were given constant ad-libitum access to diet (study 3), food intake measured during the light and dark phase revealed distinct diet-specific patterns of feeding behaviour.
Rats fed the solid diet, as expected, consumed 90% of their daily food intake in the dark phase.
In contrast, rats fed the liquid or crosslinked diets consumed up to 60% of their total daily caloric intake during the dark phase, but consumed the remainder of their intake in the light phase, when they are normally not active or consuming a significant amount of food. One explanation for this observation could be that the volume of liquid or crosslinked diet limits food intake in late dark phase when there is a transient peak of food intake prior to light phase onset. Therefore, as a result of insufficient caloric intake, rats on these diets are unable to maintain satiety and as a result consume food during the light phase. This is consistent with longer term body weight defence mechanisms involving the hypothalamus and other brain regions (Saper et al 2002) .
Behavioural and physiological processes from food intake to metabolic rate are regulated by the circadian clock and timed for optimum utilization of nutrients in a natural environment (Tahara and Shibata et al 2013) . Perturbation of circadian regulated metabolic processes by diet, timing of food intake or mutations in clock components can be profound and may be an underlying factor in the development of obesity (Salgado-Delgado et al. 2010 , Kohsaka A et al. 2007 , Turek et al 2005 , Chaix et al 2014 . Thus, dysregulation of a circadian regulated feeding patterns may be a contributory factor leading to the consumption of more calories by rats fed liquid or crosslinked diets during the light phase compared to rats fed the solid diet.
However, despite disruption of normal circadian intake of food, rats fed the crosslinked diet had a similar body weight trajectory to rats fed the solid diet, and rats fed the liquid diet showed a slower rate of growth that continues to diverge from the body weight trajectory of rats fed either the solid or crosslinked diets. Interestingly, despite higher caloric intake this was not detrimental for adiposity as fat mass did not increase (crosslinked group) or was decreased (liquid group). However, the underlying reason for this remains to be explored.
These studies explored the role and potential satiating mechanism of protein crosslinking, using TG as a possible avenue for beneficial food reformulation for calorie reduction. To our knowledge, these studies are the first to highlight that when using diets of a similar macronutrient content, the manipulation of physical form can affect feeding behaviour, physiology, postprandial response and the expression of hypothalamic neuropeptides involved in appetite regulation, although as previous study by Davidson and Swithers (Davidson and Swithers, 2005) tested the effect of increasing viscosity of an Ensure solution on caloric intake by adding a soluble fibre. They found that a more viscous Ensure pre-meal reduced intake of a subsequent test meal compared to a normal Ensure solution; however a confounding issue with this study was that supplementary soluble fibre used to increase viscosity of Ensure may reduce food intake (Adam et al., 2015) .
In summary, schedule feeding a crosslinked dietary protein with TG can lead to lower levels of calorie intake and a reduction in the negative metabolic and homeostatic outcomes generated by consumption of a liquid diet. A lower caloric intake may be due to promotion of satiation, but any satiety effect was short-lived. Composition analysis compared by t-test. Data presented as mean and ± SEM. * P<0.05, *** P<0.001, all groups, n=14. 
